Introduction {#Sec1}
============

Chronic lymphocytic leukemia (CLL) has a median age at diagnosis of 72 years, and many patients are not fit enough to be eligible for chemoimmunotherapy regimens \[[@CR1]\]. In recent years several novel agents have been approved for use in previously untreated CLL, but there is little direct evidence comparing their efficacy in this population. Head-to-head randomized controlled trials (RCTs) remain the most valid way to compare two agents. However, where such trials are not available, indirect comparisons can provide useful insights into the relative efficacy of treatments, both to clinicians and to inform reimbursement decisions.

Ibrutinib monotherapy was approved in 2014 by the US Food and Drug Administration (FDA) \[[@CR2]\] and the European Medicines Agency (EMA) \[[@CR3]\] for use in patients with previously treated CLL or a 17p deletion. In 2016 both authorities extended this indication to include adult patients with previously untreated CLL \[[@CR4], [@CR5]\], based on the results of the RESONATE-2 study (NCT01722487) \[[@CR6]\].

Obinutuzumab was approved in 2013 by the FDA for use in combination with chlorambucil for the treatment of previously untreated CLL \[[@CR7]\], and by the EMA in 2014 for adult patients with previously untreated CLL and comorbidities making them unsuitable for full-dose fludarabine-based therapy \[[@CR8]\]. The pivotal trial for obinutuzumab in CLL was the CLL11 study (NCT01010061) \[[@CR9]\].

The European Society of Medical Oncology (ESMO) guidelines \[[@CR10], [@CR11]\] recommend that patients with previously untreated CLL without del17p/TP53 mutation who are not sufficiently fit for fludarabine-based chemoimmunotherapy should receive chlorambucil + a CD20 antibody, or ibrutinib. In the National Comprehensive Cancer Network (NCCN) guidelines from the USA \[[@CR12]\], these are the only therapies given a category 1 recommendation in this population. Ibrutinib is also recommended as an option when del17p/TP53 mutation is present. Both ibrutinib monotherapy and the CD20 antibody obinutuzumab in combination with chlorambucil are associated with a survival improvement vs. chlorambucil alone, although obinutuzumab + chlorambucil is also associated with increased toxicity \[[@CR9]\].

To date, the efficacy of ibrutinib and obinutuzumab + chlorambucil has not been directly compared in an RCT. Unadjusted or "naïve" indirect comparisons of treatment arms from different trials are prone to bias due to heterogeneity in patient populations. Such methods are not appropriate where there is a connected evidence network. Adjusted indirect treatment comparison methods, such as the Bucher method \[[@CR13]\], involve comparing relative treatment effects across trials versus a common comparator. They preserve randomization and provide unbiased comparisons under the assumption that populations do not differ between studies with respect to treatment effect modifiers. However, if between-trial differences include factors that do influence the relative treatment effect, results from such indirect treatment comparisons can also be biased.

Matching-adjusted indirect comparison (MAIC) is a method originally developed by Signorovitch et al. \[[@CR14]\] to adjust for potential biases related to treatment effect modifiers in traditional adjusted indirect comparisons. It attempts to make trial populations comparable by applying weightings to a trial population for which patient level data are available, so that it mimics the population of the other trial, for which only aggregate results are available \[[@CR14], [@CR15]\].

This paper attempts to compare the relative efficacy of ibrutinib with that of obinutuzumab + chlorambucil in patients with previously untreated CLL who are not eligible for full-dose fludarabine, using data from RESONATE-2 \[[@CR6]\] and CLL11 \[[@CR9]\]. Both trials were conducted in this population but differ with respect to some important baseline characteristics. In CLL11, only patients with a Cumulative Illness Rating Scale (CIRS) score greater than 6 and/or creatinine clearance less than 70 mL/min were eligible, resulting in a lower proportion of patients with CIRS score of 6 or less compared to RESONATE-2 (26% vs. 64%, respectively). Patients with higher CIRS scores are considered to be less fit \[[@CR11]\]. A retrospective study by Manda et al. suggested that higher CIRS score and age greater than 70 years are associated with worse overall survival outcomes \[[@CR16]\]. In addition, higher baseline β2-microglobulin and higher Binet stage are also recognized prognostic factors \[[@CR11], [@CR12], [@CR17], [@CR18]\] and are thus potential treatment effect modifiers. The RESONATE-2 trial includes fewer patients with age at least 75 years and more patients with β2-microglobulin levels of at least 3.5 mg/L at baseline than the CLL11 study. Because of the potential bias arising from baseline differences, we conducted a MAIC using the methodology described by Signorovitch et al. \[[@CR19]\], matching on all available, clinically relevant baseline characteristics.

Methods {#Sec2}
=======

A MAIC within a Bayesian framework \[[@CR20], [@CR21]\] was conducted using individual patient data (IPD) for the RESONATE-2 study of ibrutinib vs. chlorambucil \[[@CR6]\], and the data published by Goede et al. \[[@CR9]\] for comparison of obinutuzumab + chlorambucil vs. chlorambucil in the CLL11 study.

Median follow-up for the progression-free survival (PFS) and overall survival (OS) analyses was not explicitly reported in CLL11, and it was estimated to range between 10 and 37 months \[[@CR9]\]; a median follow-up of 18.4 months was reported for the final analyses of RESONATE-2 \[[@CR6]\] and used in these analyses. Of note, longer follow-up survival data from RESONATE-2 were recently published \[[@CR22], [@CR23]\]; however, by this cutoff point there was significant crossover of patients from the chlorambucil arm to ibrutinib arm (41%), breaking randomization in the trial, and therefore biasing the OS estimate against ibrutinib. Therefore, the data cut as per final analyses reported in \[[@CR6]\] was used for the analysis, by which time a lower percentage of patients crossed over to ibrutinib. All analyses were conducted using SAS 9.2 (Cary, NC, USA).

Matching Process {#Sec3}
----------------

The MAIC process was performed using the algorithm of Signorovitch et al. \[[@CR14]\], which can be divided into two steps described below. Some of the technical details for the different steps are explained in the Supplementary Material.

### Step 1: Updating HRs for RESONATE-2 {#Sec4}

In a first step, the treatment effect of ibrutinb vs. chlorambucil is estimated using RESONATE-2 patient level data, simulating the HR that would have been obtained if RESONATE-2 had included a patient population identical to the CLL1 population. This is implemented by first excluding patients from RESONATE-2 that did not satisfy the CLL11 inclusion/exclusion criteria: patients with a CIRS score of at most 6 and creatinine clearance of at least 70 mL/min, patients with creatinine clearance less than 30 mL/min, and patients with a diagnosis of small lymphocytic lymphoma (SLL) were excluded. To the remaining patients from RESONATE-2, weights were assigned in such a way that the reweighted population resembles (or "matches") the trial population from CLL11 as close as possible. The approach is very similar to propensity score weighting, whereby patients from RESONATE-2 were weighted by the inverse odds of belonging to RESONATE-2 rather than to CLL11.

A weighted Cox regression model was used to estimate the HR for ibrutinib versus chlorambucil on the reweighted RESONATE-2 trial data for PFS by investigator assessment (the primary endpoint of CLL11), PFS by independent review committee (IRC; the primary endpoint of RESONATE-2), and OS.

For the base case analysis, all clinically relevant risk factors reported in \[[@CR9]\] that may influence the relative treatment effect were included in the matching process: CIRS score, age, Binet stage, β2-microglobulin, del11q, ECOG performance status, creatinine clearance, gender, and having unmutated IGHV.

However, the inclusion of more variables in the matching process increases the uncertainty in the end result. Sensitivity analyses were performed, whereby the baseline variables considered to be less important on the basis of clinical input were left out of the matching process in a stepwise manner. The effective sample size (Neff, see Supplementary Material), a measure used to quantify the impact of matching more variables on the uncertainty, will be reported for the main and sensitivity analyses (the smaller the Neff, the higher the uncertainty).

### Step 2: Bayesian Indirect Comparison {#Sec5}

In a second step, the updated HR for RESONATE-2 from step 1 was combined with the reported HR from the CLL11 study (obinutuzumab + chlorambucil vs. chlorambucil) to estimate the HR for ibrutinib (ibr) versus obinutuzumab + chlorambucil (obi), using the approach of Bayesian indirect comparison \[[@CR21]\], with chlorambucil (chl) as the common comparator across both trials. The point estimate for the HR of ibr vs. obi generated by such indirect comparison is simply the ratio of the two original hazard ratios (HR ibr vs. chl divided by HR obi vs. chl).

The Bayesian approach generates a probability distribution around this point estimate. The probability that one treatment is more effective than the other can be derived from this distribution, which is a useful outcome measure in a decision-making context.

This article is based on previously conducted studies, and does not involve any new studies of human or animal subjects performed by any of the authors.

Results {#Sec6}
=======

A total of 269 patients were randomized in RESONATE-2; 136 received ibrutinib and 133 received chlorambucil.

Matching Process {#Sec7}
----------------

Baseline characteristics before and after adjustment of the RESONATE-2 population to match the aggregate baseline characteristics of the CLL11 study are presented in Table [1](#Tab1){ref-type="table"}. A total of 13 variables pertaining to nine baseline characteristics were matched. They are reported here in order of relevance to the outcome, except unmutated IGHV, which is placed last because of a larger number of missing values in RESONATE-2.Table 1Baseline characteristics of the CLL11 and RESONATE-2 trial populations before and after matching for base case and sensitivity analysis for the removal of IGHV status from matchingTrial dataMAIC resultsCLL11 \[[@CR9]\]RESONATE-2RESONATE-2ITTITTAfter exclusion^a^Base case matched (*n* = 13 variables)SA matched (*n* = 12 variables)N (Neff)589269191115 (35)152 (48)CIRS score (median)85688CIRS score ≤6 (%)2664562626Age (median)7373737373Age (≥75 years) (%)4335404343Binet stage A (%)2219192222Binet stage B (%)4243404242Binet stage C (%)3638413636β2-Microglobulin ≥3.5 mg/L (%)3571773535del11q (%)1722241717ECOG (median)11111Creatinine clearance (median, mL/min)6261.2155.3562.0262.02Male (%)6263596262Unmutated IGHV (%)6159586157^b^*CIRS* Cumulative Illness Rating Scale, *ECOG* Eastern Cooperative Oncology Group, *IGHV* immunoglobulin heavy variable cluster, *ITT* intention to treat population, *N* number of patients analyzed, *n* number of variables matched, *Neff* effective sample size, *SA* sensitivity analysis^a^Excludes patients from RESONATE-2 with CIRS ≤6 and creatinine clearance ≥70 mL/min, patients with creatinine clearance \<30 mL/min, and SLL patients^b^Baseline characteristic that was not matched and hence value represents the average for the characteristic unadjusted

The del17p mutation was present in 6% of CLL11 patients but as patients with del17p were excluded from RESONATE-2 it was not possible to match on this characteristic. However, the impact of this difference is likely to be minimal because of the small number of patients with del17p in CLL11.

Excluding patients from RESONATE-2 who did not meet the inclusion criteria of CLL11 reduced the sample size used for matching to 191 patients. When matching on all available baseline variables the analysis population was reduced to 115 because some patients had missing values for certain characteristics.

After reweighting, the average characteristics from the reweighted RESONATE-2 population were virtually identical to the patient characteristics from CLL11, as would be expected when applying the MAIC algorithm. The effective sample size for the reweighted RESONATE-2 population was 35.

The variable "unmutated IGHV" had the most missing values in RESONATE-2. When this variable was removed from the matching analysis, 152 patients were included in the matching process and the effective sample size increased to 48 (see Table [1](#Tab1){ref-type="table"}). Even though the matching algorithm did not include this variable, the percentage of patients with unmutated IGHV did not differ greatly between the two groups (61% in CLL11 versus 57% in the weighted RESONATE-2 population) (Table [1](#Tab1){ref-type="table"}). An equivalent table showing the full set of stepwise sensitivity analyses is shown in the Supplementary Material.

Updated HRs for Reweighted RESONATE-2 Population {#Sec8}
------------------------------------------------

Results are shown in Table [2](#Tab2){ref-type="table"} for the following scenarios: before matching, based on randomized treatment arms (ITT); before matching, after exclusion of patients from RESONATE-2 who would not have been eligible for inclusion in CLL11; after matching on 13 baseline characteristic variables (base case analysis); and after matching on 12 variables (sensitivity analysis excluding unmutated IGHV from the matching).Table 2Within-trial comparison of progression-free and overall survival vs. chlorambucil for ibrutinib (RESONATE-2, derived using the weighted Cox model) and obinutuzumab + chlorambucil (CLL11)N (Neff)Treatment vs. chlorambucilHR\
\[95% CI\]\
*P* valuePFS by IRC assessmentPFS by investigator assessmentOverall survivalTrial dataCLL11589Obinutuzumab + chlorambucil0.190.180.41\[0.14, 0.27\]\[0.13, 0.24\]\[0.23, 0.74\]\<0.0001\<0.0010.002RESONATE-2 (ITT)269Ibrutinib0.1610.0860.163\[0.091, 0.283\]\[0.043, 0.173\]\[0.048, 0.557\]\<0.0001\<0.00010.0038MAIC resultsRESONATE-2 (after exclusion)^a^191Ibrutinib0.0950.0550.065\[0.044, 0.205\]\[0.022, 0.139\]\[0.008, 0.491\]\<0.0001\<0.00010.0081RESONATE-2 (matched *n* = 13)115 (35)Ibrutinib0.0450.0220.085\[0.008, 0.245\]\[0.003, 0.182\]\[0.002, 3.447\]0.00030.00040.1922RESONATE-2 (matched *n* = 12)152 (48)Ibrutinib0.0650.0780.081\[0.021, 0.204\]\[0.030, 0.204\]\[0.003, 1.872\]\<0.0001\<0.00010.1167*CI* confidence interval, *HR* hazard ratio, *ITT* intention to treat population, *N* number of patients analyzed, *n* number of variables matched, *Neff* effective sample size, *PFS* progression-free survival^a^Excludes patients from RESONATE-2 with CIRS ≤6 and creatinine clearance ≥70 mL/min, patients with creatinine clearance \<30 mL/min, and SLL patients

The results of the stepwise sensitivity analyses are provided in the Supplementary Material.

The within-trial hazard ratios (HRs) versus chlorambucil for each endpoint assessed are shown in Table [2](#Tab2){ref-type="table"}. For ibrutinib vs. chlorambucil, the HRs were obtained using the weighted Cox model.

The treatment effects on PFS with ibrutinib were statistically significantly greater than those with chlorambucil across all scenarios. Matching on 12 and 13 variables resulted in lower HRs (i.e., more favorable to ibrutinib) than those derived from the intention to treat population of RESONATE-2 before matching. The HRs for obinutuzumab + chlorambucil versus chlorambucil alone are taken directly from CLL11 as reported by Goede et al. \[[@CR9]\].

For investigator assessment, the MAIC-adjusted results in the base case (after matching on 13 variables) and the sensitivity analysis adjusting for 12 variables suggest that in a population with similar average baseline characteristics to that of CLL11, ibrutinib would reduce the risk of progression or death by 98% and 92%, respectively, compared with chlorambucil. Using the PFS by IRC results the suggested reductions were similar, at 95% and 93% respectively. In the stepwise sensitivity analyses, where fewer variables were matched and effective sample sizes were consequently greater, HRs ranged from 0.080 to 0.115 (see Supplementary Material), indicating that the findings were not markedly influenced by the number of variables used. In general, matching on fewer variables led to somewhat larger HRs.

A large decrease in the HR for OS, favoring ibrutinib, was observed after patients not eligible for inclusion in CLL11 were excluded: the HR before exclusion was 0.163 \[95% CrI 0.048, 0.557\] compared to 0.065 \[95% CrI 0.008, 0.491\]) after exclusion; this pronounced effect on OS was maintained after matching on 13 variables (HR 0.085 \[95% CrI 0.002, 3.447\]).

The results for 13 and 12 variables matched suggest that ibrutinib reduces the risk of death by approximately 92% in both analyses, compared with chlorambucil. The wide confidence intervals for OS indicated that the differences in treatment effects were not statistically significant for the analyses where between eight and 13 variables were matched (effective sample sizes 35--59; see Supplementary Material for the full set of analyses). This is likely due to the low number of deaths observed in the trial and, consequently, even fewer events in the effective sample after matching. Of note, when only seven variables were matched the effective sample size rose to 119, the HR became statistically significant (HR = 0.052; 95% CI 0.003, 0.804;*p* = 0.0343; see Supplementary Material).

Bayesian Indirect Comparison {#Sec9}
----------------------------

The between-trial HRs for PFS and OS obtained from the MAIC are shown in Table [3](#Tab3){ref-type="table"}. All the HRs in the Bayesian indirect comparison favor ibrutinib over obinutuzumab + chlorambucil, with a probability that ibrutinib is superior to obinutuzumab + chlorambucil in terms of improving PFS or OS (i.e., HR is less than 1) of at least 79% in all scenarios after matching.Table 3Between-trial comparison of progression-free and overall survival for ibrutinib vs. obinutuzumab + chlorambucil (Bayesian approach)PopulationHR\
\[95% CrI\]\
*P*(HR \<1)PFS by IRC assessmentPFS by investigator assessmentOverall survivalRESONATE-2 (ITT)0.850.480.40\[0.44, 1.63\]\[0.22, 1.02\]\[0.10, 1.54\]0.690.970.91RESONATE-2 (after exclusion)^a^0.500.310.16\[0.22, 1.15\]\[0.12, 0.81\]\[0.02, 1.34\]0.950.990.95RESONATE-2 (matched *n* = 13)0.240.120.21\[0.04, 1.35\]\[0.02, 0.97\]\[0.00, 8.89\]0.950.980.79RESONATE-2 (matched *n* = 12)0.340.430.20\[0.11, 1.12\]\[0.16, 1.18\]\[0.01, 5.16\]0.960.950.83*CrI* credible interval, *HR* hazard ratio, *ITT* intention to treat population, *n* number of variables matched, *P(HR \<1)* probability that the HR is less than 1, i.e., ibrutinib is better than obinutuzumab + chlorambucil^a^Excludes patients from RESONATE-2 with CIRS ≤6 and creatinine clearance ≥70 mL/min, patients with creatinine clearance \<30 mL/min, and SLL patients

For PFS by IRC assessment, the results before matching using the ITT populations suggest that ibrutinib is associated with a greater improvement in PFS compared with obinutuzumab + chlorambucil, with an HR of 0.85 \[95% CrI 0.44, 1.63; *P*(HR \<1) 69%\]. After applying the exclusion criteria of the CLL11 study, the HR decreased to 0.5 with a higher probability of ibrutinib having a greater improvement in PFS (IRC) than obinutuzumab + chlorambucil (95%). After matching on all available baseline variables, the HR decreased further to 0.24 \[95% CrI 0.04, 1.35; *P*(HR \<1) 95%\]. For the sensitivity analysis matching on 12 baseline variables, the HR was similar to the base case (HR 0.34; 95% CrI 0.11, 1.12; *P*(HR \<1) 96%).

For PFS by investigator assessment, the results for the ITT population also suggest that ibrutinib is associated with a greater improvement in PFS compared with obinutuzumab + chlorambucil, with an HR of 0.48 \[95% CrI 0.22, 1.02; *P*(HR \<1) 97%\]. The HR in this case is lower than for PFS by IRC assessment. The HR decreased to 0.31 after exclusion of patients on the basis of the CLL11 eligibility criteria and further decreased (0.12; 95% CrI 0.02, 0.97; *P*(HR \<1) 98%) after matching on all available baseline characteristics, as observed for the PFS IRC assessment. The analyses support the findings from the ITT analysis suggesting that ibrutinib reduces the risk of progression or death compared with obinutuzumab + chlorambucil, with an associated probability of 98% that it is superior to obinutuzumab + chlorambucil after matching on 13 baseline variables. For the sensitivity analysis matching on 12 baseline variables, the HR was 0.43 (95% CrI 0.16, 1.18), with a 95% probability that ibrutinib is superior to obinutuzumab + chlorambucil in terms of improving investigator-assessed PFS.

The results for OS based on the ITT population suggest that ibrutinib reduces the risk of death with an associated HR of 0.40 \[95% CrI 0.10, 1.54; *P*(HR \<1) 0.91\]. After exclusion of patients and matching, the HRs for OS all favor ibrutinib, with probabilities of ibrutinib being superior to obinutuzumab + chlorambucil in improving OS ranging from 95% (after exclusion of patients not eligible for CLL11) to 79% after matching on 13 variables. When 13 baseline variables were matched the results suggest that ibrutinib improves OS compared to obinutuzumab + chlorambucil, with an HR of 0.21 (95% CrI 0.00, 8.89) and an associated probability of being superior to obinutuzumab + chlorambucil of 79%. For the sensitivity analysis (when matching on 12 variables), the results are similar, with the probability of ibrutinib being superior to obinutuzumab + chlorambucil increasing to 83% (see Supplementary Material for full set of results).

Discussion {#Sec10}
==========

The matching-adjusted indirect comparison provides a means of comparing the effects of two novel agents for the first-line treatment of CLL, ibrutinib monotherapy and obinutuzumab + chlorambucil, in the absence of head-to-head trials comparing them directly. MAIC allows for indirect comparisons to be made via a common comparator (in this case chlorambucil monotherapy) and reduces potential bias due to imbalances in treatment effect modifiers between trials by adjusting for differences in observed characteristics between trial populations.

This approach yielded HRs for ibrutinib versus obinutuzumab + chlorambucil of 0.12 \[95% CrI 0.02, 0.97\] for PFS by investigator assessment, 0.24 \[0.04, 1.35\] for PFS by IRC, and 0.21 \[0.00, 8.89\] for overall survival (HR \<1 favors ibrutinib), with a 98%, 95%, and 79% probability, respectively, that ibrutinib provides a greater improvement in survival compared to obinutuzumab + chlorambucil. The greater benefit of ibrutinib was maintained across all the scenarios analyzed, although the magnitude of the differences in the treatment effect and the certainty associated with it varied. From the results of the stepwise sensitivity analyses, a trend was observed whereby when matching on more variables, and therefore moving closer to the CLL11 population, the estimated HRs tended to show a greater improvement in survival outcomes for ibrutinib vs. obinutuzumab + chlorambucil. This indicates that the treatment effect of ibrutinib vs. chlorambucil is larger in a population more comparable to the CLL11 study.

Several differences between the study populations of CLL11 and RESONATE-2 exist. Higher CIRS scores have been shown to predict poorer survival outcomes and are associated with "less fit" patients in CLL \[[@CR16]\]. The eligibility criteria for CLL11 excluded patients with CIRS score of 6 or less and creatinine clearance of at least 70 mL/min, resulting in a lower proportion of fit patients (as indicated by CIRS score of 6 or less) compared with RESONATE-2 (26% vs. 64%, respectively). After matching the proportion with CIRS score 6 or less in the CLL11 study, the estimated treatment effects from the indirect comparisons consistently showed a benefit for ibrutinib compared to obinutuzumab + chlorambucil in this less fit population. RESONATE-2 also included fewer patients aged 75 years or older than CLL11 (35% vs. 43%, respectively), though the eligibility criteria differed between the studies with only patients aged 65 years or older being eligible in RESONATE-2 and patients aged 18 years or older being eligible in CLL11. The median ages, however, were the same in both trials (73 years). Within the CLL11 trial, the del17p mutation was present in 6% of patients but these patients were not enrolled in the RESONATE-2 trial. Given the small proportion of del17p patients included within the CLL11 trial this difference was expected to have minimal impact on the results.

Not all baseline variables were associated with a poorer prognosis for the CLL11 population. RESONATE-2 included a higher proportion of patients with baseline β2-microglobulin levels of at least 3.5 mg/L than CLL11 (71% vs. 35%), which would suggest poorer prognosis for patients from RESONATE-2 compared to CLL11. However, subgroup analyses within the RESONTE-2 trial showed a better treatment effect on PFS for ibrutinib vs. chlorambucil in patients with β2-microglobulin levels greater than 3.5 mg/L compared to 3.5 mg/L or less \[HR 0.15 (95% CI 0.08, 0.29) vs. HR 0.29 (95% CI 0.09, 0.92), respectively\]. RESONATE-2 included a higher proportion of patients with del11q than CLL11 (22% vs. 17%, respectively) which has been shown to be associated with shorter PFS \[[@CR11], [@CR12], [@CR24]\]. More advanced disease stages as captured by the Binet staging system have shorter OS \[[@CR11]\], but the proportions of patients in each stage group were similar between the trials before matching. The distribution of ECOG performance status scores was also similar.

After matching to the CLL11 trial, and therefore balancing the populations with regard to a number of important prognostic characteristics, the relative treatment effect estimated using the MAIC consistently indicated an improvement in PFS for ibrutinib compared with obinutuzumab + chlorambucil. The results of the stepwise sensitivity analysis suggested that the estimated within-trial HRs were not markedly influenced by matching on fewer variables and therefore increasing the effective sample size, as the results were consistent in showing an improvement in the relative treatment effect after matching (see Supplementary Material).

A similar observation was made for OS. However, the credible intervals of the indirect comparison for this endpoint tended to be quite wide. The low number of deaths in the experimental arms of either trial (only three deaths, all unrelated to study drug, were recorded in the ibrutinib arm of RESONATE-2) resulted in statistical uncertainty in the matched analyses for OS. In addition, statistical uncertainty is a consequence of performing a MAIC. The loss of statistical power is indicated by the relatively smaller effective sample sizes (35 if matched on 13 variables and 48 if matched on 12) and the wide 95% confidence intervals around the point estimates in the matched RESONATE-2 population, compared to the original population. Lastly, performing an adjusted indirect comparison introduces additional variance in the between-trial HR estimates, as the variances of the within-trial effects are effectively summed. Therefore, a large degree of uncertainty in the end result is inherent to the use of a MAIC.

The HR for the base case analysis of investigator-assessed PFS was estimated as 0.12 (95% CrI 0.02, 0.97), which is notably lower than the HR estimated for the sensitivity analysis matching on 12 variables \[0.43 (95% CrI 0.16, 1.18)\]. This difference is potentially influenced by the large number of missing data for unmutated IGHV (37 patients had missing baseline data for unmutated IGHV from RESONATE-2 across the arms). However, it is also related to the within-trial treatment effects from RESONATE-2 being close to 0 (HR for matching on 13 variables is 0.022, HR for matching on 12 variables is 0.078); this means that seemingly small differences in these HRs can lead to larger differences in the HR estimates from the adjusted indirect comparison.

MAIC is a relatively new technique that builds on conventional approaches to indirect comparison by attempting to adjust for differences between trial populations. Its use is becoming more widespread, and MAICs have been accepted in several health technology appraisals by England's National Institute for Health and Care Excellence (NICE), such as the appraisal of bortezomib as induction therapy for multiple myeloma \[[@CR25]\].

One of the main limitations of the MAIC approach is that only imbalances in observed characteristics can be adjusted for and therefore residual confounding for unobserved patient characteristics may still be present. However, from our consideration of the literature, potential treatment effect modifiers that we have identified have mostly been observed in both trials and therefore accounted for in the matching. However, some differences between trial designs could not be adjusted for.

The dose of chlorambucil differed between the two studies in our analysis, as in RESONATE-2 a dose increase from 0.5 mg/kg up to 0.8 mg/kg was permitted, whereas the maximum dose allowed in CLL11 was 0.5 mg/kg. In addition, the maximum number of 28-day cycles of chlorambucil received was 12 in RESONATE-2 and six in CLL11. The higher dose and greater number of cycles of chlorambucil in RESONATE-2 compared with CLL11 suggests that the relative treatment effect for ibrutinib versus obinutuzumab + chlorambucil from this analysis may be underestimated, as efficacy outcomes are expected to be affected by the cumulative dose per patient received (which was 700 mg \[[@CR26]\] and 400 mg \[[@CR9]\], respectively).

PFS was assessed by slightly different criteria in each trial. RESONATE-2 used the modified IWCLL criteria (2012) whereas CLL11 states that it used the IWCLL criteria (2008) but does not mention or reference the modified criteria. Under the modified criteria, which were developed to take into account the pharmacodynamic characteristics of novel agents, isolated treatment-related lymphocytosis (in the absence of other evidence of disease progression) was not considered to indicate progressive disease \[[@CR6], [@CR27]\]. However, the three study drugs in CLL11 are not known to have lymphocytosis issues and so the use of the modified IWCLL criteria is not expected to lead to different results; therefore this was not considered to be a limitation in the comparability of the two studies.

Conclusions {#Sec11}
===========

Although direct comparison in a randomized controlled trial provides the most reliable evidence on the relative treatment effects of two agents, such evidence is not always available. Adjusted indirect comparison methods may provide biased results where there are imbalances in treatment effect modifiers between trials. In these cases a matching-adjusted indirect comparison can be used to account for between-trial imbalances in observed characteristics. Our analysis showed that, when matching on patient baseline characteristics known to be potential treatment effect modifiers, the treatment effect of ibrutinib vs. chlorambucil is larger in a population more comparable to the CLL11 study. Taking this into account in the indirect comparison indicates a greater improvement in PFS for ibrutinib vs. obinutuzumab + chlorambucil compared to a traditional indirect comparison. The results of the matching-adjusted indirect comparison presented here indicate that ibrutinib is likely to provide greater progression-free benefit than the combination of obinutuzumab + chlorambucil in older or less fit patients with previously untreated CLL. While similar results are observed for OS, there is more uncertainty in the analysis related to this endpoint, mainly due to the low event rate observed with ibrutinib in the trial.
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